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1. Introduction {#s0005}
===============

Soil, commonly viewed as a non-renewable resource due to the extremely slow pace of its regeneration, is under serious threat from modern society ([@bb0030]). Soil degradation occurs due to factors such as water erosion, wind erosion, salinization, and deforestation ([@bb0210]; [@bb0215]; [@bb0730]). Activities that introduce polluting substances, such as heavy metals, pesticides, polycyclic aromatic hydrocarbons (PAHs), are further causing wide-spread soil degradation. Globally, it is estimated that \~24 billion metric tons of soil are lost through factors such as erosion each year ([@bb0830]) and that \~30% of the world\'s soils are now in a degraded state ([@bb0285]). In China, \~19% of agricultural soil and \~ 16% of all soils exceed national soil quality standards ([@bb0565]). Soil degradation threatens the realization of the United Nations Sustainable Development Goals (SDGs) ([@bb0175]). To help address soil degradation, the United Nations Food and Agriculture Organization declared 2015--2024 as the International Decade of Soils, aiming to raise public awareness of soil protection. Since then, there has been a burgeoning trend of scientific literature and public debate on soil.

Soil is primarily viewed as a critical component of agricultural production in traditional wisdom. In more recent years, the scientific community has increasingly recognized that soil is also an essential component for environmental protection ([@bb0615]), climate change mitigation ([@bb0490]), ecosystem services ([@bb0075]), as well as land use and planning ([@bb0330]). There is also a growing recognition that soil health relates not only to the classical biogeophysical processes that are traditionally studied by soil scientists, but also information management, knowledge sharing, and human behavior ([@bb0090]; [@bb0185]). Interdisciplinary studies (see [Section 2.3](#s0025){ref-type="sec"}) are required to understand better the coupling of complex human-nature systems linked to soil management ([@bb0180]). However, current knowledge on soil processes is scattered across various disciplines, lacking comprehensive views on the sustainable management of soil resources ([@bb0840]).

In 2015, the United Nations General Assembly established 17 goals to be achieved by 2030, which are named the Sustainable Development Goals (SDGs). These include, among others, no poverty, zero hunger, good health and wellbeing, clean water and sanitation and climate action ([@bb0820]). The SDGs have become a central theme of global development and international collaboration. Considerable progress has been made in recent years toward reaching the SDGs. For example, the proportion of the global population with access to safe drinking water and the percentage of children receiving vaccinations have both risen considerably. However, many challenges still exist, such as: 821 million people remain undernourished, representing a 5% increase between 2015 and 2017; investment in agriculture from governmental sources and foreign aid has dropped; and, atmospheric concentrations of CO~2~ and other greenhouse gases (GHGs) continue to rise ([@bb0825]), exacerbating the current climate crisis. Governments from local to national levels need to develop integrated programs addressing these sustainability challenges ([@bb0195]).

In the ongoing actions toward reaching the United Nations SDGs, the soil science community has somewhat underplayed the potential role it could play, partly due to the scattered nature of soil knowledge mentioned above. If researchers from wider disciplines were to collaborate more with soil scientists, it may help progress approaches to achieving the SDGs in a manner more effective than acting alone. Therefore, the profile of the soil science discipline may need to be raised, especially the interdisciplinary components that support food security, climate change mitigation, biodiversity, and public health, in order to better design comprehensive strategies toward realizing the SDGs.

In the present paper, we do not reiterate the importance of the interaction between soil science and agronomy covering crop productivity, which has been discussed in other existing publications ([@bb0745]; [@bb0800]). Instead, we focus on the interdisciplinary nature of soil and sustainable soil use and management and linkages with soil science with social science, climate science, ecological science, and environmental science.

2. The interdisciplinary nature of sustainable soil use and management {#s0010}
======================================================================

2.1. Sustainable development goals (SDGs) {#s0015}
-----------------------------------------

Soil plays a pivotal role in the United Nations SDGs, most notably SDGs 2, 3, 6, 12, 13, and 15 ([@bb0180]; [@bb0410]). Most people in poverty live in rural areas where crop production is a vital source of income. In these areas, soil health is a decisive factor for productivity and income levels. Among other roles, soil provides the basis for food production and ecosystem services ([@bb0125]; [@bb0655]). Moreover, as soil biodiversity is related to lower crop diseases and pests, the ecological services offered by healthy soil systems are important in reducing poverty and ending hunger. Soil also affects water quality, GHG emissions, and other important environmental considerations in regard to the SDGs ([@bb0135]; [@bb0300]). An overview of the identified relationships between soil and the relevant SDGs are illustrated in [Fig. 1](#f0005){ref-type="fig"} .Fig. 1The relevance of soil to the United Nations\' Sustainable Development Goals (SDGs).Fig. 1

It is imperative to disseminate soil science knowledge to policy makers and practitioners who design and implement SDG programs (see [Section 3](#s0030){ref-type="sec"}). Effective action needs to be taken by the soil science community to help develop suitable indicators that are not only scientifically sound, but also practical for small hold farmers and other stakeholders. Scientific research needs to be specifically directed toward realizing the SDGs, rather than to just understand soil science. The influence of human behavior must be factored into this complex human-nature system. It is also necessary to include the impacts of socio-economic activity on soil health when carrying out sustainability assessments, thus allowing more informed decision making ([@bb0840]).

2.2. The soil health concept {#s0020}
----------------------------

Soils have a wide range of physical, chemical, and biological properties that are attributable to the parent material (e.g., geologic origin and depositional processes), environmental factors (e.g., climate conditions, topography) as well as anthropogenic influences (e.g. farming practice, surface disturbance, pollutant emissions). Because soil plays such a critical role in multiple natural and anthropogenic systems, such soil properties will affect ecosystem services, environmental quality, agricultural sustainability, climate change, and human health. This multi-functional aspect makes traditional soil quality evaluation systems, which have tended to focus on soil fertility and agricultural production ([@bb0265]), no longer fully appropriate. Most recently, the "soil health" concept has been the subject of increasing research attention (see [Fig. 2](#f0010){ref-type="fig"} ). This holistic approach accounts for non-linear mechanistic relationships between various physical, chemical, and biological properties. Moreover, the soil health holistic concept is advantageous over traditional soil quality assessments because it considers ecosystem services as well as agricultural production, i.e., both nature and human driven objectives ([@bb0425]).Fig. 2Number of research articles listed in the Web of Science database ([www.webofknowledge.com](http://www.webofknowledge.com){#ir0005}) when soil AND sustainability and "soil health" were searched as topics (searched on 3rd March 2020).Fig. 2

[@bb0275] defined soil health as "the capacity of soil to function as a vital living system, within ecosystem and land-use boundaries, to sustain plant and animal productivity, maintain or enhance water and air quality, and promote plant and animal health" Their definition has been well received by the scientific community, as evidenced by the article being cited \~1500 times according to Google Scholar. The authors argued that soil health is a holistic concept which portrays soil as a living system (i.e., the capacity of soil to function as a living system), while soil quality describes a soil\'s capacity for a specific use (i.e., fitness for different uses). The outcomes of soil use and management decisions are reflected in soil health ([@bb0270]).

Assessing soil health involves the selection of indicators, quantification or qualitative scoring, and providing a final index with appropriate weighting and integration ([@bb0715]). Biophysical indicators are particularly relevant for assessing soil health. This is because healthy soil is manifested through a variety of soil functions that are reliant upon biological processes, e.g. carbon transformation, nutrient cycling, maintaining soil structure, and regulating pests and disease ([@bb0425]). Scientists have explored the use of soil microorganisms ([@bb0610]; [@bb0835]), enzyme activities ([@bb0035]; [@bb0380]), earthworms and nematodes ([@bb0605]), as well as other biological indicators to assess soil health. Similarly, soil structure, compaction and moisture retention have been used as physical indicators of soil health.

2.3. Interdisciplinary research {#s0025}
-------------------------------

The sustainability of soil systems is affected by their bio-physico-chemical properties, and the soil use and management decisions made by farmers ([@bb0275]). These two aspects can be broadly categorized into natural and anthropogenic processes. Complex dynamics are involved in the coupled human-nature systems, rendering many challenges for the study of soil systems from any single disciplinary lens. We must develop an interdisciplinary approach to address these challenges ([@bb0805]). It should be noted that interdisciplinary approaches differ from multidisciplinary approaches, in that they integrate insights on a common problem (e.g. climate change) from different disciplines (e.g. soil science and climate science) to construct a comprehensive understanding of the issue. In comparison, multidisciplinary approaches involve gaining separate insights on a common problem from the perspectives of different disciplines ([@bb0710]).

As many of the problems surrounding soil sustainability are complex and broad, they cannot be sufficiently addressed by one single discipline, thus interdisciplinary studies are needed ([@bb0430]). Based on a published framework that interconnected disciplinary lines for another topic ([@bb0340]), here we propose a general framework for developing an interdisciplinary perspective on sustainable soil use and management ([Fig. 3](#f0015){ref-type="fig"} ). We propose that five broad issues have a root in soil science and are linked to at least one other discipline. The issues themselves are also interconnected. Take management and behavior as an example, which is directly linked to soil science and social science. At the same time, soil fertility and soil pollution are also involved, which are directly linked to agronomy and environmental science, respectively. Another example is soil carbon (or soil organic matter) which is directly linked to both soil science and climate science while also affecting soil biodiversity linked to ecology, and soil fertility linked to agronomy. In a sense, the network shown on [Fig. 3](#f0015){ref-type="fig"} forms a complex six-disciplinary system, which can be used for studying soil sustainability.Fig. 3A framework for interdisciplinary research in soil sustainability linking soil science with social science, environmental science, ecology, climate science, and agronomy.Fig. 3

3. Soil and social science {#s0030}
==========================

3.1. Knowledge transfer {#s0035}
-----------------------

A myriad of scientific knowledge exists regarding best practice for soil management. However, there has been a general lack of adoption by farmers ([@bb0175]). This can be attributed to obstacles that hinder the distribution of relevant scientific information. Scientific evidence from in-depth studies is often scattered within various disciplines that use technical jargon that is little understood by the social scientists or journalists who are engaged in information transmittal and knowledge sharing. Modern electronic information sharing techniques, including social media tools (e.g., Twitter and Facebook), make mass information distribution easier ([@bb0570]), but they can also make it difficult for lay people to distinguish between evidence-based reliable information and inaccurate or even misleading information. A parallel example occurred during the novel coronavirus disease (COVID-19) outbreak, during which large amounts of misinformation were transmitted across social media. Scientists felt the need to publish a joint statement to denounce such rumors ([@bb0205]).

Information management and knowledge sharing may help to fill the gap between knowledge generation and its useful application. This is particularly important for the application of soil science. A variety of soil information management and knowledge sharing mechanisms exist, including training workshops (online or offline), websites, social media, advisory services. In Australia, the New South Wales local government uses webinars to disseminate soil science information to a geographically disperse community of practice (CoP) ([@bb0385]). Grain advisors, however, were reported to be guiding farmers to historically established "rules of thumb" for calculating nitrogen fertilizer needs, rather than the latest evidence-based science on soil water and nitrogen management ([@bb0760]). Another Australian local government decided to share soil information and knowledge using a website coupled with training workshops. The type of information shared may include soil properties and landscape characteristics obtained from field assessment studies. Such initiatives show that centralized knowledge sharing can bring significant tangible benefits ([@bb0365]). However, a 10-year follow-up survey showed that while training workshops could be effective in the short term, behavioral change was not sustained in the long term. It was suggested that continuing professional development to upskill farm advisors and the CoP may render a more persistent uptake of knowledge at the farm level ([@bb0045]).

In Europe, both private and public sector advisors, operating on national, provincial or local levels offer science communication to farmers ([@bb0375]). In Switzerland, sustainable soil management knowledge was successfully shared among farmers via social learning in a video format ([@bb0305]). A study in the English East Midlands suggested that soil advisors ought to incorporate hands-on practical knowledge ([@bb0780]). This concurs with another study in Australia, which showed that establishing a network of senior ex-governmental soil scientists and farmers enabled effective soil knowledge transfer ([@bb0670]).

As precision agriculture incentivizes the use of sensing technologies to collect soil data, it becomes increasingly important to form public-private partnerships to collect, store, and use the huge amounts of geographically referenced soil data generated ([@bb0725]). The emerging fifth generation of wireless technology for digital cellular networks (5G), big data, and machine learning offer data collection and analysis techniques that may enable a new generation of soil information sharing tools. Within the 5G system, an internet of things (IoT) can be established with low latency, enabling real time soil measurement and response. For instance, unmanned aerial vehicle (UAV) based remote sensing can be coupled with soil amendment delivery in precision agricultural practice ([@bb0440]; [@bb0585]). Big data applications with machine learning also provide predictive power, facilitating smart farming to save energy, water, and cost, while increasing crop yields ([@bb0885]).

3.2. Farmer behavior {#s0040}
--------------------

The sustainability of soil use and management is ultimately reliant on the real-world behavior by practitioners, most particularly farmers. Therefore, there is a growing interest to integrate social components and farmer behavior with the ecological component of soil management ([@bb0025]). In modern society, with the fast-growing use of various types of information technology, farmer behavior can be influenced by different network-based approaches. For instance, a study in Europe found that farmers formed a learning network by sharing information and soil knowledge on the microblogging and social networking service, Twitter. This platform has a limited length for each message (280 characters for non-Asian languages), making it easy for time-constrained farmers to follow ([@bb0570]). In the US, an integrated network-based approach enabled a quarter of respondents to adopt cover crops for weed control, and respondents also increased their follow-up usage from information shared on Twitter (22%), YouTube (23%), and web sites (21%) ([@bb0875]).

Farmer behavior and farming practice is also directly affected by professional advisors. In Australia, farmers apply the recommendations of professional crop advisors to select suitable fertilizer dosages. However, attitudes concerning financial risk, soil heterogeneity, and local climate conditions can affect their perception and adoption of such advice ([@bb0760]). In Europe, a knowledge gap regarding sustainable soil management was identified as a major issue among both farmers and soil advisors. As the current trend of privatization and decentralization of advisory services continues, there is an increasing need to educate those who provide advisory services, thus enabling effective empowerment of farmers ([@bb0375]). Governments ought also to provide workshops that encourage farmers to adopt greater soil testing, so that they can then make informed soil management decisions ([@bb0520]).

Lack of education and awareness creates an obstacle for sustainable soil use and management, especially in developing countries. For example, it was found that farmer perception strongly correlates to adoption rates for conservation agriculture (r = 0.81; p \< 0.05) ([@bb0595]). It has been reported that concerns over soil type, weed control, and weather conditions were the main inhibiting factors when English farmers consider reduced tillage practice. The authors suggested that enhanced adoption of sustainable soil management practice will require improved communication between the soil research community and farmers ([@bb0020]).

3.3. Stakeholders {#s0045}
-----------------

The creation, dissemination and usage of soil sustainability knowledge involves a wide range of stakeholders, such as scientists, farmers, land managers, advisory services, commercial product suppliers, regulators, funding agencies, educators, students, as well as the general public ([@bb0435]; [@bb0810]). Different stakeholders will have different concerns. Farmers and crop advisors are primarily concerned about local soil knowledge, while regulators and scientists are more concerned about policy, scientific solutions and the wider environment ([@bb0090]). There is also a dynamic interaction and potential gap between awareness and perception, i.e., what can be done and what is worth doing ([@bb0445]). Based on an analysis in England, [@bb0445] argued that interactions between soil researchers and end users are multifaceted and that these actors must work together on both knowledge generation and knowledge sharing to enhance sustainable behavior.

Scientists and governments are pivotal stakeholders in promoting sustainable soil use and management practices. Their action can enhance the robustness of scientific knowledge creation and broaden its applicability by incorporating evidence into policy instruments. In Scotland, soil risk maps are created by scientists, policy makers and industrial representatives working in close collaboration ([@bb0070]). Similarly, in Australia, soil constraints maps have been produced for site-specific management ([@bb0325]). Such tools can help mitigate constraints to achieving climate-driven genetic yield potential of agricultural crops. Models that incorporate learnings from stakeholder engagement can also render strong predictive power ([@bb0370]). Traditionally, the main channel of soil knowledge generation has been government funded. However, there has been a general decreasing trend in the provision of government funds for soil data collection in many developed countries, while privately funded collection of soil information has increased dramatically ([@bb0725]). Under this situation, it is even more important to bring in additional stakeholders to create and share soil knowledge. The Soil Knowledge Network (SKN) in Australia demonstrated that ex-governmental soil scientists can exert long-lasting positive impacts by coaching new generations of early career soil scientists ([@bb0555]).

4. Soil and climate science {#s0050}
===========================

4.1. Soil organic carbon {#s0055}
------------------------

Soil organic carbon (SOC) has been recognized as a critical indicator of soil health, because it reflects the level of soil functionality associated with soil structure, hydraulic properties, and microbial activity, thereby integrating physical, chemical and biological health of soil ([@bb0840]). Recently, increasing attention has been placed on SOC beyond the traditional sphere of soil science. This is because it is a key component of Earth\'s carbon cycle, thus having huge implications for the current climate crisis ([@bb0415]) and SDG13: Climate action. Soil is the largest terrestrial carbon pool, holding an estimated 1500--2400 GtC and permafrost (i.e. frozen soil) storing 1700 GtC ([@bb0490]). A global initiative known as '4 per 1000', which aims to increase soil organic carbon by 0.4% per year, would result in an additional carbon storage of 1.2 GtC per year if successful ([@bb0675]; [@bb0735]). In Australia, surface soils provide a significant reservoir of carbon, holding \~19 billion metric tons. However, most of these soils (\~75%) contain \<1% SOC, suggesting huge additional capacity for carbon sequestration. An annual 0.8% increase in carbon storage across all Australian surface soils would fully offset the nation\'s GHG emissions ([@bb0080])

Soil properties and vegetation are affected by the climatic condition ([@bb0170]). For example, global warming may accelerate soil erosion due to its impact on microorganisms and plant and animal species ([@bb0315]). Moreover, different soil types and land use systems are unevenly sensitive to temperature changes. Soil carbon that is normally recalcitrant in semi-arid regions is vulnerable to rising temperature ([@bb0540]). Therefore, soil management practice in these areas may have a tremendous effect on carbon cycling.

Organic fertilizer applications can improve soil functionality and significantly increase SOC levels. Thus, applying organic amendments, including biosolids and composts, to agricultural land can increase carbon storage and contribute significantly to offsetting GHG emissions. Studies have shown that manure can potentially increase crop yields and soil organic contents in comparison with mineral fertilizers ([@bb0400]). A 37-year field study showed that organic fertilization increased soil carbon input by 25% to 80%, although levels of carbon retention ranged from only 1.6% for green manure to 13.7% for fresh cattle manure ([@bb0545]). Similarly, [@bb0160] demonstrated that biosolid applications likely result in higher levels of carbon sequestration compared to other management strategies including fertilizer application and conservation tillage. This was attributed to an increased microbial biomass, and Fe and Al oxide-induced immobilization of carbon ([@bb0160]). In comparison with open-air systems, the use of organic fertilizers for indoor greenhouse soils may have a greater positive influence on soil functionality due to its effect on porosity and pore connectivity ([@bb0905]). It should be noted that organic fertilizers may not increase crops yields to the levels achievable with inorganic fertilizers. This issue can be overcome by supplementing organic fertilizers with inorganic ones ([@bb0545]).

A variety of conservation farming practices can increase SOC levels, while also increasing crop productivity and decreasing water demand ([@bb0450]; [@bb0560]). Crop residue return to surface soils can have a positive effect on soil carbon sequestration ([@bb0230]; [@bb0510]). For example, chopping and returning wheat straw and corn stover can increase SOC levels by 14.5% in a double-cropping system ([@bb0945]). Reduced tillage and non-tillage practices can also increase soil SOC levels ([@bb0220]; [@bb0460]). For example, a 22-year study showed that with no tillage, mulch treatment had a significantly positive effect on carbon retention ([@bb0405]). Integrated methods have the potential to achieve even more significant increases in SOC levels. For example, SOC data collected over 35 years in a semi-arid region of China showed that carbon levels were enhanced (by 453% to 757%) using a combination of best practice cultivation, mulching, and planting methods ([@bb0335]). Different land uses also affect SOC, not only in terms of concentration, but also the fractions of SOC that are vulnerable to mineralization ([@bb0705]). For example, labile and humified SOC fractions have been reported to be more prone to mineralization in arable lands than in grasslands ([@bb0815]).

Accurate quantification of SOC remains a challenge because of high spatial heterogeneity in soils. For instance, features such as hedgerows and fences can influence SOC due to their impact on soil moisture and bulk density ([@bb0295]). Soil compaction by agricultural machinery reduces macropores and creates water ponding ([@bb0590]), which can affect SOC. There are also discrepancies between SOC estimates using regional versus local parameters, particularly for in woodland soils containing large amounts of decaying organic matter (e.g., Histosols) and low-input high-diversity ecosystems ([@bb0665]).

4.2. Biochar as a mitigation {#s0060}
----------------------------

Biochar is a carbon rich product that is produced by the burning of biomass with a limited supply of oxygen (i.e., pyrolysis) ([@bb0500]; [@bb0865]). It typically possess a stable fixed carbon structure with high porosity, a high specific surface area and a high alkalinity. These characteristics enable biochar to enhance soil moisture content, sorb polluting substances and increase soil pH ([@bb0050]). Moreover, biochar is considered carbon negative because the carbon within its structure, which is captured from the atmosphere during biomass formation, is more recalcitrant in the natural environment than carbon in biomass that has not been pyrolized. Because of its carbon negativity and beneficial properties for soil management, biochar has been proposed as a possible technology to help mitigate climate change ([@bb0890]). Numerous studies have explored the usage of biochar in croplands ([@bb0470]), while recent studies have also examined its application in other systems, such as alpine grassland ([@bb0700]).

At the current carbon price, applying biochar to soil is not commercially viable unless there is an additional benefit to farmers. Therefore, researchers have conducted extensive research on the benefits biochar for agricultural and environmental purposes. One of the most researched areas is the use of biochar to increase crop yields. A recent meta-analysis found that in comparison with inorganic fertilizer alone, biochar can increase crop yields by 11% to 19% (95% confidence intervals) ([@bb0915]). Biochar has also been put forward as a sustainable technique for remediating soils degraded by contaminants, especially heavy metals ([@bb0350]; [@bb0635]; [@bb0775]). The sustainability of biochar is increased if the biomass feedstock is a biological waste that would otherwise be burned or discarded at landfill, thus avoiding air pollution or the consumption of landfill space. However, while a myriad of studies have shown biochar applications have positive effects on soil, it should be noted that such effects may diminish after 3-- 5 years ([@bb0255]). Biochar effectiveness and longevity may be enhanced by the invention of engineered biochars ([@bb0630]).

4.3. Soil greenhouse gases {#s0065}
--------------------------

Soils act as significant sources of various greenhouse gases (GHGs), including CO~2~, CH~4~, and N~2~O. Reducing the emission of such GHGs is one of the greatest challenges for sustainable farming ([@bb0055]) and the achievement of SDG13: Climate action. Soil CO~2~ emissions are affected by agricultural practice (e.g. tillage and fertilizer application), as well as the soil properties (e.g. soil texture). For sandy soils, greater macroporosity tends to be associated with higher CO~2~ emissions, while microporosity is associated with lower emissions, which likely related to their respective tortuosity levels ([@bb0290]; [@bb0790]). The use of lime to treat low pH soils may also relate to CO~2~ emissions. Therefore, sustainable management of low pH grasslands may involve the use of low liming dosage rates, which provide almost the same result as higher rates ([@bb0155]; [@bb0455]; [@bb0525]). A study in Denmark showed that reduced tillage practice can decrease net GHG emissions by 0.56 Mg CO~2~-eq. ha^−1^ per year; moreover, the use of disc coulters that minimally disturb soil can reduce net GHG emissions by 1.84 Mg CO~2~-eq. ha^−1^ per year ([@bb0220]).

Atmospheric N~2~O accounts for \~6% of radiative forcing caused by anthropogenic activity, which largely stems from soil systems ([@bb0240]). Therefore, emission of N~2~O from agricultural soil is particularly concerning. [@bb0240] estimated that 2% of nitrogen in manures and 2.5% of nitrogen in fertilizers used by farmers over the period of 1860--2005 was converted to atmospheric N~2~O. In China, emissions derived from synthetic nitrogen fertilizers account for \~7% of the nation\'s annual GHG budget. By implementing new technology and best management practices that minimize nitrogen use in soil management, it is feasible to reduce GHG emissions by 102--357 Tg CO~2~-equivalent in China alone ([@bb0925]). Soil amendment with more sustainable alternatives to synthetic nitrogen (e.g., biochar) may help reduce N~2~O emissions from soil ([@bb0765]).

Methane emissions from soil represent another major factor for climate change. An early study found that the application of rice straw to paddy fields increased CH~4~ emissions by a factor of 1.8 to 3.5 ([@bb0910]). Recently, methane emissions from permafrost (permanently frozen soil) has drawn attention from the climate science community, owing to its critical role in carbon cycling ([@bb0755]). As climate change occurs, rising temperature in the polar regions causes permafrost to thaw and microbial activity to increase ([@bb0345]). This leads to increased methane and CO~2~ emissions from organic-rich Arctic soils ([@bb0750]). As these gases are associated with increased global warming potential, their emission increases the levels of permafrost thaw, thus forming a positive feedback loop. It is imperative to understand these processes in a quantitative way. As the climate change crisis worsens, it may be necessary to take mitigating measures involving soil management in areas associated with high methane fluxes.

5. Soil biodiversity and ecology {#s0070}
================================

5.1. Soil biodiversity {#s0075}
----------------------

Sustainable soil management practice can improve or conserve soil biodiversity, which represent a significant proportion of Earth\'s total biodiversity ([@bb0075]) and is pertinent to the achievement of the United Nations\' SDGs (e.g., SDG15: Life on land). Among other factors, soil microbial communities are affected by the availability of nutrients corresponding to the type of soil management practice ([@bb0150]; [@bb0480]; [@bb0495]). For example, the use of soluble fertilizers (e.g., monocalcium phosphate), less soluble organic fertilizer (e.g., sugarcane filter cake) or nearly insoluble rock phosphate ([@bb0060]) have different impacts on soil microbial communities. Soil management practices also affect soil hydraulics, which affects plant and microbial biodiversity and ecosystem resilience ([@bb0015]; [@bb0040]). A study in India reported that integrating crop residue return with green manure application and no-tillage in a rice-wheat double cropping system increased SOC levels by 13%, the microbial biomass by 38%, the basal soil respiration rate by 33%, and the microbial quotient by 30% ([@bb0740]). Certain soil amendments are associated with increased soil biodiversity. For example, biochar amendment of a Mediterranean vineyard soil decreased the mineralization of both SOC and microbial biomass, while the functional microbial diversity and biodiversity of soil micro-arthropods were maintained ([@bb0050]). Soil properties and biodiversity are also affected by plant root systems within the rhizosphere ([@bb0245]).

Larger species in soil are also an important aspect of soil biodiversity as well as being influential on soil properties ([@bb0095]; [@bb0895]). Earthworms (Oligochaeta) are a particularly important soil species due to their creation of soil macro-pores (\>0.3 mm) and channels (burrows) that increase water and gas infiltration rates ([@bb0110]; [@bb0130]). Thus earthworm activity can render soil environments that are more amenable to microbial activity and diversity ([@bb0280]). Conservation tillage practices that involve crop residue return to surface soils can increase earthworm numbers by hundreds of thousands per hectare ([@bb0105]; [@bb0320])

5.2. Ecosystem services {#s0080}
-----------------------

Soils provide vital ecosystem services, rendering both economic and societal benefits ([@bb0005]; [@bb0250]; [@bb0680]; [@bb0785]). Monetary valuation methods have been put forward to account for the natural capital of this resource ([@bb0720]). In this way, a national-scale study in the UK suggested that an additional £18 billion GBP of ecosystem services could be achieved under an optimal policy scenario. This value takes into account major ecosystem services, such as agricultural production, carbon sequestration, recreational usage, and wildlife diversity ([@bb0115]). However, some scholars have argued that systematic monetarization is unnecessary. For example, Bayesian Belief Networks (BBNs) and Multi-Criteria Decision Analysis (MCDA) methods can provide decision makers with semi-quantitative information that takes into account the multifunctionality of soil ecosystem services ([@bb0120]).

Living organisms in soil have a direct impact on agricultural productivity and ecosystem services. For instance, the microbial community is essential for the natural decontamination of polluted soils. Therefore, monitoring biological indicators is necessary for managing soil ecosystems effectively. Some of the most important soil biota indicators include microsymbionts, decomposers, elemental transformers, soil ecosystem engineers, soil-borne pests and diseases, and microregulators ([@bb0100]). Soil invertebrates also play a significant role in soil ecosystem services ([@bb0485]).

In Europe, a large number of monitoring programs and field studies have been conducted since the 1990s, to gain data for optimizing ecosystem services ([@bb0690]). The data shows that spatial heterogeneity within soil systems translates into the uneven distribution of ecosystem services ([@bb0010]). Governments may intervene to restore or improve ecological services in limited soil systems. In China, for example, the government has made subsidies available to farmers to protect natural woodlands and convert steep agricultural cropland into other land uses, such as grassland or woodland ([@bb0515]). If farmland is degraded to an extent that it is abandoned, soil treatments may help bring about natural revegetation and the recovery of ecosystem services ([@bb0505]). For example, the recovery of severely degraded land can be facilitated by the use of soil amendments such as biochar ([@bb0635]).

6. Soil and environmental science {#s0085}
=================================

6.1. Soil pollution {#s0090}
-------------------

Contaminants are an issue for many agricultural sites ([@bb0165]; [@bb0420]; [@bb0645]; [@bb0880]), which hinders efforts toward the achievement of the United Nations\' SDGs (e.g., SDG3: Good health and well-being). Soil contaminants include heavy metals, such as cadmium (Cd), copper (Cu), lead (Pb), mercury (Hg) and zinc (Zn), and organic pollutants, such as pesticides and polycyclic aromatic hydrocarbons (PAHs). As an emerging contaminant, microplastics in the soil environment have also drawn attention in recent years ([@bb0190]; [@bb0395]; [@bb0650]; [@bb0855]). Assessment of their fate and transport is critical for understanding the environmental risk ([@bb0235]; [@bb0845]).

A global map of soil pollution is urgently needed to understand better the situation globally, but few countries are investing in national-scale investigations ([@bb0355]). Elevated levels of soil pollutants can result from a wide variety of anthropogenic activities, ranging from metal mining to fossil fuel burning ([@bb0940]). The spatial redistribution of these pollutants involves inter-phase transfer such as dissolution from soil to water, volatilization from soil to air, and deposition from air to soil ([@bb0640]; [@bb0930]). Anthropogenic soil pollution in under-developed regions where industrial activities are less intensive can also occur due to traffic and mining related emissions, etc. For instance, a recent study in a suburban area of Central Asia showed that Pb, Zn, and Cu can accumulate to high levels in soils because of road traffic up to 200 m away ([@bb0530]).

The remediation of contaminated soil is an important research field interlinking soil science and environmental science. Traditionally, remediation practitioners focused on either physical cleanup methods, such as soil excavation and disposal at landfill ([@bb0695]), or chemical treatment methods, such as in situ chemical oxidation ([@bb0625]). In recent years, nature-based solutions, such as phytoremediation and green stabilization, have gained attention among the scientific research community ([@bb0850]; [@bb0860]; [@bb0935]). For example, microbial strains from unique natural environments are being harvested, cultured, and exploited to render economic and environmentally friendly solutions for soil decontamination ([@bb0065]; [@bb0200]).

6.2. Soil erosion {#s0095}
-----------------

Soil erosion, a major land degradation process, is caused by the weathering effects of water and wind ([@bb0475]). For land covered by native vegetation, natural erosion rates will tend to balance with soil production rates. However, typical agricultural tillage practice can disrupt this balance, causing levels of soil erosion to be one to two orders of magnitude higher than that of soil formation ([@bb0580]). Soil systems that experience net soil erosion can suffer the loss of fertile surface soils, removal of soil organic carbon, and reduced agricultural productivity, thus rendering a high environmental and economic cost globally ([@bb0575]; [@bb0685]). Because heavy metals tend to bind strongly to eroded soil particles, the widespread distribution of soil pollutants is also often associated with soil erosion ([@bb0900]).

Soil erosion not only causes damage to the land where it occurs, but also jeopardizes local aquatic systems due to excessive sediment loading ([@bb0140]). Soil erosion models have been developed to predict impacts of water quality on a catchment-scale ([@bb0310]). It can also cause damage to nearby housing due to increased surface runoff and landslides. Because of such impacts, many governments are taking largescale mitigating action, such as revegetation with native species and woodland restoration ([@bb0795]).

6.3. Soil leaching {#s0100}
------------------

During heavy rainfall, irrigation, or recharge events, large volumes of water may come into contact with various substances as soil pore spaces fill ([@bb0620]). In this process, there are complex interactions between gaseous, liquid, and solid phases for soil nutrients, potentially toxic elements, and organic pollutants. If soil nutrients or contaminants are leached from surface soils, they can transport into the subsurface via the vertical migration of infiltration water. This can lead to large scale groundwater pollution involving substances such as ammonia ([@bb0390]). Leached nutrients in surface runoff may also enter nearby surface water bodies, causing eutrophication ([@bb0535]). Soil leaching may be particularly prominent in the autumn-winter season due to reduced plant activity ([@bb0870]).

Soil leaching potential is exacerbated by common physical farming practices, including the installation of deep drainage ([@bb0600]). The potential for soil leaching is also affected by soil management practices that alter the chemical composition of soil. For instance, liming is a common farming method to increase soil pH and reduce flocculation. However, recent studies have suggested that soil particle surfaces become more negatively charged as soil pH increases. Therefore, liming activity may lead to soil-bound harmful substances, such as perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA), leaching from soil and entering groundwater systems ([@bb0660]). In New Zealand, intensified agricultural production on steep landscapes, which is encouraged by the government\'s policy to significantly increase agricultural exports, has involved the replacement of perennial pastures with winter forage crops. This has increased the use agrochemicals, including glyphosate and diazinon, which not only pose an environmental risk in themselves, but also facilitate the leaching of organic carbon and nitrogen ([@bb0225]). The reporting of such unintended consequences reinforces the importance of comprehensive assessments for sustainable soil use and management. It should be noted that certain soil amendments, such as biochar, have been shown to reduce soil nutrient leaching potential ([@bb0465]).

Soil leaching can increase the spatial heterogeneity of soil nutrients, which makes soil management more difficult. For instance, intensively farmed cropland tends to be subject to high nitrogen input levels. However, plant-animal-soil systems are not efficient in utilizing large amounts of nitrogen, with only 15--35% being embedded in agricultural products. A large percentage of the surplus nitrogen is returned to localized spots via animal urinary excretions, resulting in elevated nitrogen hotspots.

7. Summary, challenges and future directions {#s0105}
============================================

The international community\'s commitment to achieving the United Nations\' Sustainable Development Goals (SDGs) hinge on soil health. However, neither the scientific community nor policy makers have paid sufficient attention to soil in their SDG efforts. Soil scientists have not been adequately involved in the discussion on SDG targets and indicators ([@bb0185]). Consequently, while there are four SDG targets that specifically mention soil, and others that indirectly relate to soil, only one explicit soil indicator has been established ([@bb0185]). The lack of involvement by soil scientists may be due to their strong focus on pure soil science, rather than conducting cross-disciplinary and elaborate discussions on big picture soil related issues with other stakeholders. To help provide effective SDG solutions, it is imperative to encourage interdisciplinary soil research among soil scientists and researchers in fields relating to social science, climate science, ecology, and environmental science. When national and local governments form policies according to the United Nations SDGs, soil scientists need to be encouraged to play a more active role, and their advice needs to be sought by decision makers. For instance, by nominating soil scientists to key steering committees.

A big challenge for sustainable soil use and management is the inherent spatial heterogeneity of soil properties, from the micro to the global scale. This makes it difficult to predict non-linear relationships among various soil processes and system behaviors ([@bb0550]). For example, regional estimates of soil organic carbon stocks have differed by as much as 60% on different scales due to this heterogeneity ([@bb0360]). There is little known about the vertical distribution of organic carbon in the subsurface ([@bb0085]). As large amounts of carbon are stored in deep soils ([@bb0920]), it is essential to understand the status, as well as the mechanisms, of soil carbon cycling across the full extent of the lithosphere.

Spatial heterogeneity also exists in socioeconomic systems. Consider for example the size of typical farm holdings among different countries. In rural China, most farms are smallholdings of \<0.5 ha. In Hungary, most farms are also relatively small, with 79% being \<2 ha. In contrast, Danish farms tend to quite large, with 55% being larger than 20 ha ([@bb0375]). Such differences create challenges for knowledge transfer between countries. For instance, farm size may act as a barrier to the adoption of sustainable farming technology because of financial or technical constraints ([@bb0020]).

It is important to describe long-term temporal trends in soil system behavior because many prominent issues, such as the climate crisis, require perceptive solutions based on long-term evidence. However, many existing studies, especially studies on emerging issues, are based on short-term findings. For instance, a recent pasture-system study suggested that various species could be planted to control nitrogen leaching associated with cow urine ([@bb0870]). This promising finding, however, was based on less than one year of data. Longer-term studies are necessary to verify the effectiveness of such strategies. Greater efforts should be paid on the research and development of accelerated aging techniques ([@bb0770])

Progress in sustainable soil use and management relies upon the development of suitable and holistic indicators for soil health that reflect the diverse processes involved, in a concise, quantifiable, reliable and meaningful way. To achieve this goal, soil health needs to be evaluated under site-specific conditions that account for the different processes of different geological, climatic, and societal conditions ([@bb0840]). This would be particularly valuable for aiding farmers with decision making and translating soil science into practical sustainable soil use and management practice. Moreover, to support policy making processes, it is necessary to map soil properties on a regional scale, or even on national and global scales. High resolution mapping and clustering of soil properties would enable targeted recommendations for sustainable soil management ([@bb0260]). It should also be noted that while many existing soil sustainability studies have focused on the impacts of socioeconomic activities (i.e. soil management) on soil systems (i.e. soil health), studies regarding the impacts of soil systems on socioeconomic systems are less common ([@bb0840]).

Information management and knowledge sharing are critical for building collaborative governance and delivering sustainable solutions ([@bb0145]). In this new era of information, massive amounts of valuable information (and misinformation) are produced. This poses a challenge to both the knowledge creators, who struggle to make it visible in an ocean of information, and the knowledge users, who struggle to distinguish whether information is valuable or not. Emerging and advanced technologies, such as 5G, big data and machine learning present great opportunities for addressing these challenges. Interdisciplinary studies initiated by, or in collaboration with, communication engineers and computer scientists hold much potential in advancing our capability in sustainable use and management of soil resources.
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